The molecular ion ThF + is the species to be used in the next generation of search for the electron's Electric Dipole Moment (eEDM) at JILA. we propose a method to increase the aforementioned efficiency to ∼100% by using vibrational autoionization via core-nonpenetrating Rydberg states, and discuss theoretical and experimental challenges. Finally, we also report 83 vibronic bands of an impurity species, ThO.
Introduction
The electron's electric dipole moment (eEDM) is a quantity with significant implications in the explanation of baryogenesis and dark matter, and also in fields such as particle physics and cosmology [1] [2] [3] . The presence of a nonzero eEDM will give rise to anomalies in the Electron Spin Resonance spectra (ESR) in certain molecular levels. Currently the most sensitive searches [4] [5] [6] for the eEDM are based on precision molecular spectroscopy. The JILA eEDM experiment is preparing to convert from using HfF + to using ThF + .
The most significant advantage of ThF + is that the eEDM sensitive state ( 3 ∆ 1 , v + = 0, J + = 1) of ThF + is the electronic ground state [7, 8] , which means, in principle, that the ESR spectroscopy could exploit a very long coherence time. Furthermore, the effective electric field of ThF + (35.2 GV/cm [9] ) is 50% larger than that of HfF + (24 GV/cm [10, 11] ), which promises a factor of 35.2/24=1.5 times increase of the eEDM sensitivity. Beyond measuring the eEDM, 229 ThF + may also be a good candidate for determining the parityforbidden Nuclear Magnetic Quadrupole Moment (NMQM), due to the large nuclear deformation of 229 Th [12, 13] . The combination of eEDM and NMQM measurements from the same molecular system (different isotoplogues) would constrain new physics in both the hadronic and leptonic sectors of the standard model [14] . Although all of the spectra presented in this paper are limited to 232 ThF, it is straightforward to convert the measured molecular constants via the standard Born-Oppenheimer isotopologue scaling rule to those for 229 ThF.
In addition to enabling study of fundamental physics, spectroscopic studies of the high-lying excited states of ThF can also provide an interesting basis for comparison of experiment and theory. The molecular constants of highly excited states serve as comparison benchmarks for the development of relativistic quantum chemistry methods for molecules with actinide atoms [15] . Prior to the present work, experimental studies [8, 16] of ThF were limited to REMPI spectroscopy within a small energy range below T e = 21500 cm −1 .
The first step of the JILA eEDM experiment is to prepare molecular ions in the eEDM sensitive state, which is To excite ThF from the ground state ( 2 ∆ 3/2 ) to the vibrationally autonizing Rydberg state (>51000 cm −1 ), we implement a two-photon excitation scheme.
The first photon (>32000 cm −1 ) moves population to an intermediate state with
excitation energy more than half of the ionization potential (IP), and the second photon is resonant with a vibrationally autoionizing Rydberg state. The key to this two-photon excitation scheme is to locate and identify an appropriate intermediate state.
The target intermediate state lies above half of the IP (25500 cm −1 ) in the ultraviolet region. To optimize our setup for strong ThF signals, we check our system against previous ThF spectroscopic studies [8, 16] in the visible region.
As such, our spectroscopic survey covers the visible region (13000 to 16000 cm
and 18000 to 20000 cm −1 ) and the ultraviolet region (26000 to 44000 cm −1 ).
ThO appears as an impurity in our spectra, and we observe and fit multiple Theoretical and experimental challenges are discussed in this paper. ing sections describe the major components of our experimental setup in more detail.
Experiment

Molecular beam source
Thorium plasma is generated by ablating thorium metal with a 5 ns, 2 mJ pulse of moderately focused 532 nm radiation (∼150 µm beam waist) from a Q-switched Nd:YAG laser. The thorium target is about 7 mm in diameter, and mounted on a slowly rotating and translating stage to provide continuously a fresh surface for ablation. The hot thorium plasma is chemically reacted with 20 ppm SF 6 in a neon buffer gas, which is kept at a stagnation pressure of 80 PSI. A home-built fast PZT valve releases a 50 µs supersonic gas pulse into the vacuum chamber through a 3 mm expansion channel with diameter of 0.8 mm. The reacted ThF molecules in the beam are cooled to ∼10 K in both translational and rotational degrees of freedom via adiabatic expansion. We detect Th, ThF 2 , ThF + , ThO, and other species in the beam in addition to the desired ThF.
LIF experiment
The molecular beam passes through a charged skimmer (50 volts applied) with a 3 mm aperture, which is 6 cm downstream from the molecular beam source, to extract only the coldest neutral molecules and deflect ions. A detection cube with ∼2π collection solid angle is placed immediately after the skimmer. A broadband-coated (250 to 1200 nm) parabolic mirror above the beam is used to reflect fluorescence photons scattered upward into the photomultiplier tube (PMT) (Hamamatsu R3892) below. The excitation laser interrogates the molecular beam at the center of the detection cube. To reduce noise due to laser scattering, a fast switch gates the PMT on 10 ns after the excitation laser pulse to extract only the long-lived fluorescence signals (>50 ns). Figure 2a shows an example of the fluorescence trace, from which we integrate the total intensity, and extract the fluorescence lifetime.
REMPI TOF-MS experiment
In our LIF spectra, some ThF vibronic bands are contaminated by overlapping transitions of species like Th, ThO, and ThF 2 . We use REMPI and a time-of-flight mass spectrometer (TOF-MS) to mass-isolate the ThF signals from the other molecular species. We scan the wavelength of the first photon of the REMPI process, while keeping the second photon fixed (532 nm or 355 nm).
The REMPI spectra and LIF spectra in principle reveal the same information for ground to intermediate state transitions, but given the congested spectra, each method has its advantages: REMPI allows for rejecting lines from impurity species, while LIF allows for discrimination between congested transitions via fluorescence-lifetime record and better spectroscopic resolution.
In the REMPI TOF-MS experiment, the molecular beam passes through a skimmer with a 1 mm diameter aperture to enter a second vacuum chamber downstream with a ∼ 3 × 10 −8 torr vacuum through differential pumping, as shown in Figure 1 . This vacuum chamber houses a home-built TOF-MS in the orthogonal Wiley-Mclaren configuration. The molecular beam enters a region with a pair of parallel plates both charged at +1.5 kV, where the molecules are ionized by lasers propagating on an axis orthogonal to both the molecular beam and the TOF-MS axis. The molecules experience < 1 V/cm stray electric field during the ionization process. Shortly after photoionization (≈50 ns), the molecular ions are deflected by a 200 V/cm pulse toward a microchannel plate (MCP) detector, which is 75 cm downstream from the ionization region. The ion signal from the MCP is amplified by a transimpedance amplifier (Hamamatsu   C9663) , and recorded by a digital oscilloscope. Our TOF-MS has a fractional mass resolution of 1/500, which is sufficiently high to separate ThO + from ThF + , as can be seen from a typical TOF-MS trace shown in Figure 2b .
Laser system and wavelength calibration
A tunable pulsed dye laser (Sirah Cobra-Stretch, 1800 grooves/mm single grating, 0.06 cm −1 linewidth at 600 nm) is used to record a survey spectrum. Figure 3a ; and (ii) high resolution spectroscopy (<0.005 cm −1 resolution) with a narrow-band injection-seeded pulsed laser, as shown in Figure 3b . Tables B.1 to B.4.
Fitting models
Rotational bands were contour-fitted to the form:
where ν is the measured frequency, ν 0 is the vibronic band origin, and F (J ) and F (J ) are the rotational energies of the upper and lower states, respectively, combined with Hönl-London factors, which are described as in equation (2) .
Signal-to-noise is in general insufficient to allow a stable fit to a single band with simultaneous variation of both upper and lower rotational constants. With this limitation, and in view of the fact that for all the ThO bands, the lower state is consistent with being the Ω = 0 ground electronic state, we used previously measured values of the rotational constant, B , in the relation:
where J is the rotational quantum number of the ground state. A similar situation applies for ThF, except that the ground state is Ω = 3/2, and the rotational constants are determined by a global fit to many bands, as discussed in As for the upper states, we fit to three main classes: (i) transitions that are well described by Hund's case (c), (ii) transitions with 2 Π character, and (iii) transitions described by Hund's case (b). The fitting routine for each of these classes are described in the following sections.
Hund's case (c)
We expect most of the electronic states in ThF and ThO to be subject to a spin-orbit interactions much larger than the rotational spacing, due to the presence of the heavy thorium atom. This hierarchy in interaction energies holds especially in the low-J region. As such, these states are well described by
Hund's case (c).
We perform a fit of the vibronic bands with the upper state described by the following Hamiltonian:
where B and J are the rotational constant for the excited state of ThF, and the rotational quantum number of the excited electronic states, respectively. The centrifugal distortion rotational constant, D , cannot be fitted to our rotational bands, because (i) our beam has a ∼10 K rotational temperature, which is not high enough to populate the high J 's for a satisfactory fit to D , and (ii) we have relatively low spectroscopic resolution. On a similar note, the Ω-doubling for the low-J lines is much smaller than our spectroscopic resolution, hence we ignore it in our fitting model.
We assign Ω , the projection of the total angular momentum onto the internuclear axis, to the transitions by referring to the low J lines in the P branch and the relative intensities of the P QR branches. The relative intensities of the ,
where symbols with double and single primes correspond to the lower and upper states, respectively; δ Ω0 is the Kronecker delta factor, and the last term is the 
2 Π states
The next class of observed transitions requires us to include a dominant Λ-doubling term in our fitting model, which implies a strong 2 Π character. Since we do not have high enough spectroscopic resolution to resolve the e/f symmetry components of the lower state of the transition, we cannot determine the absolute parities of the upper state of the transition. Following the convention used in Loh et al. [28] , we label related Λ-doubling pairs as a/b instead of e/f .
The upper state can be modeled by the following Hamiltonian:
where ( 
Hund's case (b)
The third class of transitions that we observe consist of two sets of P QR branches, which is characteristic of states with Hund's case (b) character, where the absence of a zeroth-order spin-orbit splitting results in the uncoupling of the spin from the rotational angular momentum. We perform the fit to the transition with the upper state described by the following model:
where N is the rotational quantum number excluding spin, and γ is the spinrotation constant. Since the pattern-forming rotational quantum numbers for the lower and upper states are J and N , respectively, angular momentum selection rules allow for two sets of P QR branches:
where the upper (lower) sign corresponds to the a (b) state.
For a contour fit, the Hönl-London factor for Hund's case (c) to case (b)
transitions used for the fitting is as follows:
where HL Ω J ,Ω J is the Hönl-London factor for a Hund's case (c) to case (c) transition, as shown in equation (2); the last term is the Wigner 3j symbol; Λ is the projection of the orbital angular momentum onto the internuclear axis;
and S is the total spin of the electrons, which is 1/2 for all of the transitions that we have fitted. A typical band fitted with Hunds's case (b) is shown in Figure 6 . 
Vibrational progression
Using a combination difference analysis, we tentatively group vibronic bands that share the same upper and lower electronic states, but different vibrational levels, into sets of vibrational progressions. The combination differences of the lower states are known from previous work [8, 16] . The criteria for extracting combination differences for the upper states are: (i) vibronic bands that belong to the same electronic state should have similar rotational constants; and (ii) vibrational constants should agree with ab initio calculations within a reasonable range (500 < ω e < 700 cm −1 , 0 < ω eXe < 10 cm −1 , similar radiative lifetime).
For transitions that we associate with a vibrational progression, we redo the fit to the vibronic band using the rotational constant (B v ) for the relevant vibrational quantum number (v ) of the lower state in the transition. From these fits, we extract the molecular constants ν e , B e , α e , ω e , and ω eXe . These constants are related to the fitting constants (ν 0 , B v , and v, which are defined in previous sections) as such:
A comprehensive list of the upper state vibrational progressions that we have tentatively assigned is shown in Table 1 , with lower state values in Table 2 . For progressions with only two different v , e.g. v = 0 and v = 1, we conventionally set ω eXe to zero so that ω e is just the splitting between the relevant rotational band origins of the upper state. 90% confidence intervals, which come from a convolution of fitting uncertainties and vibrational progression fitting uncertainties, are quoted in parentheses in Table 1 .
Since the bands in our data set have relatively low resolution and high state density, there is a risk that transitions are incorrectly grouped, and that ap- (3) and (4). Units for all the above constants are quoted in cm −1 . 90% confidence intervals, which come from a convolution of spectroscopic fitting uncertainties and vibrational progression fitting uncertainties, are quoted in parentheses. Large fitting uncertainties for the rest of the vibrational progressions prevent us from extracting their corresponding αe, so αe is set to zero for our fitting purposes.
are required to confirm these preliminary assignments, and we leave this as a challenge to our fellow spectroscopists.
The aforementioned analysis allows us to group most of the vibronic bands found in the visible region into vibrational progressions. In the ultraviolet region, however, we are unable to identify any definite vibrational progressions.
Missing transitions in vibrational progressions could be explained by perturbations of these high energy levels, which are discussed in Section 4.3.
The Ground State of ThF
All of the ThF transitions that we have assigned seem to have the 2 ∆ 3/2 ground electronic state as the lower level. The first excited state of ThF is 2 ∆ 5/2 , which is 2500 cm −1 higher in energy and has not been observed in our experiments [8] . As such, we use all of the identified transitions (shown in In addition, we have performed ab initio calculations for the molecular constants using the CFOUR program [29] . A spin-orbit (SO) version [30] of the coupled-cluster singles and doubles with a non-iterative treatment of triple excitations [CCSD(T)] method [31] has been adopted using the exact twocomponent (X2C) Hamiltonian [32, 33] with atomic mean-field SO integrals [34] and the uncontracted ANO-RCC basis sets [35, 36] . The 5s, 5p, 5d, 6s, 6p, and 7s electrons of Th as well as 2s and 2p electrons of F have been correlated together with virtual spinors with energies below 1000 Hartree. These calculations with the correlation of semi-core electrons and extensive virtual space (37 electrons and 679 virtual spinors) have been expedited using the recently developed semi-atomic-orbital based algorithm for SO-CCSD(T) [30] .
The local potential energy curve has been fit to an eighth-order polynomial to obtain linear through quartic force constants, which determine the corresponding parameters in a Morse potential as well as the molecular constants. The X2CAMF-CCSD(T) results for the ground state molecular constants of ThF are summarized in the fifth column of Table 3 . To demonstrate the spin-orbit effects for these parameters, we have also performed scalar relativistic CCSD(T) calculations based on the spin-free exact two-component theory in its one-electron variant (SFX2C-1e) [37, 38] using the ANO-RCC-unc basis sets. In addition, the SFX2C-1e-CCSD(T) results with the correlation of only the Th 6s, 6p, 7s, 6d electrons and the F 2s and 2p electrons are also presented in Table 3 (the "SFX2C-1e/LC" results) to be directly compared with the effective-corepotential (ECP) calculations in Ref. [39] . ThF. The parameter re is the equilibrium internuclear distance, and the other molecular constants are defined in equation (4) . "LC" and "SC" represent the correlation of 19 and 37 electrons in the CCSD(T) calculations, respectively. The effective-core-potential (ECP) calculations in Ref. [37] have used the aug-cc-pVTZ basis sets, while the SFX2C-1e and X2CAMF calculations of this work have adopted the ANO-RCC-unc basis sets.
It can be seen that the SO contributions (the difference between X2CAMF
and SFX2C-1e results) amount to -6.5 cm The X2CAMF-CCSD(T) results of this work are presented in Table 2 together with the experimental results as well as previous measurements. Agreement between measured and computed values has been observed for all parameters here. The remaining errors for the bond length and the harmonic frequency are around 0.005Å and several cm −1 (less than 1% of the total value), which are consistent with the typical errors of the CCSD(T) method in calculations for organic molecules. This demonstrates that the accurate treatment of relativistic effects provided by the X2C method can extend the accuracy and capability of CCSD(T) to a heavy-metal containing system.
Chosen transition for two-photon ionization scheme
We choose the Ω = 3/2 [32.85] We verify the formation of ions in the ThF + ground vibronic state by stateselective resonantly enhanced multi-photon dissociation, which will be described in our upcoming paper [40] . Using the dissociation readout technique, we also
show that the distribution of the ion population across the different J spectrum, which will be described in our upcoming paper [40] .
tron that is lost during the ionization process carries a fixed range of angular momenta, we expect to see a higher final angular momentum distribution for the ions when an intermediate state of higher angular momentum is used, and vice versa [41] . Since the eEDM sensitive state is the lowest rotational state (J + = 1), we use the J = 3/2 state as our intermediate state for the REMPI process, which results in 30% of the ions being produced in the desired J + = 1 state.
Further Discussion
Prospects of rotationally state-selective photoionization
Inasmuch as the aforementioned two-photon photoionization scheme creates ThF + ions in the ground vibronic state, the ion population is spread across several rotational levels (typically J + = 1 − 4). However, only the J + = 1 state is useful for the eEDM measurement. All of the ions in the other rotational states do not contribute to the eEDM sensitivity, but are nonetheless co-trapped.
These background ions in the trap contribute to decoherence of the eEDM measurement by ion-ion collisions with the useful ions, hence reducing the eEDM measurement sensitivity.
To improve rotational state purity in the photoionization process, we propose a scheme to achieve rotationally-selective photoionization via a core-nonpenetrating
Rydberg state, where the orbital angular momentum of the Rydberg electron will be l ≥ 4. In such a scheme, we would prepare the neutral molecule in a core- The Rydberg molecule is ionized by the transfer of energy from the vibration of the ion-core to the Rydberg electron. There will be no hard collision between the Rydberg electron and the ion core, because the Rydberg electron is always kept far away from the ion-core by the l(l + 1)/2µr 2 centrifugal barrier, where µ is reduced mass of the Rydberg electron on ThF + , and r is distance between the Rydberg electron and ThF + ion core. Hence the energy transfer mechanism will be predominantly a long-range electric dipole or quadrupole interaction, which preserves the ion-core rotational state during the autoionization process.
Thus, the final rotational distribution of ThF + would be the same as the rotational distribution of the neutral ThF Rydberg state, which can be selectively populated by the optical-optical double resonance method. 
Ab initio calculations
We have been unable to find any prior work on ab initio calculations of high-lying excited states of actinide-containing molecules. Herein, we describe a survey calculation for electronic states with the leading configuration containing two Th 7s electrons and an unpaired electron populated in a high-lying orbital, hereafter referred to as s 2 l states, to obtain a qualitative understanding of their properties as well as a rough idea of their term energies. The electronattachment version of the equation-of-motion coupled-cluster singles and doubles method [42] has been used with the 7s 2 configuration of ThF + as the reference
state. An additional electron is then attached to form the target s 2 l states of ThF molecule. The SFX2C-1e scheme [37, 38] has been used for treating relativistic effects. The backbone of the basis set for Th was formed by taking the s-, p-, d-, and f -type functions in the ANO-RCC set in the fully uncontracted fashion together with g-and h-type functions from the cc-pwCVTZ-X2C basis set [43] . In addition, three sets of additional diffuse s-, p-, d-, and f -type functions generated using a geometric factor of 3.0 have been included in or-der to capture the possible Rydberg nature in the excited state wavefunctions.
The resulting basis set for Th has the pattern 29s26p22d18f 4g1h. The standard aug-cc-pVTZ basis set for F has been used in the uncontracted form. The computational results are summarized in Table 4 .
Referring to 
Perturbations in the deep ultraviolet region
Our explanation for the lack of regular rotational band structures in the deep ultraviolet region is the result of perturbations between the s 2 f states and spd states. In contrast to the region where only spd states exist, i.e. low lying states, the diabatic potential curves of both types of states will cross very frequently at high energy levels, because of significantly different internuclear distances (different rotational constants of spd and s 2 f ). In this region, interactions could give rise to many avoided crossings, and profoundly distort the adiabatic potentials for both the s 2 f and spd states. The crossings of these potential curves would redistribute the oscillator strength of a vibrational level in a diabatic potential to many other vibrational levels of other potentials, hence making the transitions very weak and with an irregular vibrational pattern.
Testing this hypothesis quantitatively would require a significant amount of high resolution spectra in this region. In addition, theoretical calculations of 2-electron or multiple 1-electron spin-orbit perturbations, such as spd ∼ s
states are also required. These fundamental studies are beyond the scope of this paper.
Conclusion
We have made extensive observations of the spectra of ThF and ThO, using The two-photon resonance enhanced photoionization scheme that we use results in 30% of ThF + ions being produced in the the eEDM sensitive state All fitting error bars are quoted to 90% confidence in the fit. 
